Pigeonpea [Cajanus cajan (L.) Millsp.], endowed with rich dietary protein in its seed, provides the much needed protein requirements of predominantly vegetarian population. Pigeonpea plays an important role in providing food, shelter, medicine and other livelihood opportunities among the rural poor. The purpose of a core collection is to provide information necessary to improve the use of genetic resources in crop improvement programs. In many crops the number of germplasm accessions in the genebanks are in several thousands. Even a core collection (consisting of 10% of total accessions) is large and becomes unwieldy to evaluate and characterize the accessions for economic traits. Hence, a mini core collection of pigeonpea, comprising 146 accessions was constituted by evaluating a core collection of 1290 accessions. Examination of data for various morphological and agronomic traits indicated that almost the entire genetic variation and a majority of coadapted gene complexes present in the core subset are preserved in the mini core subset. Due to its greatly reduced size, the mini core subset will provide a more economical starting point for proper exploitation of pigeonpea genetic resources for crop improvement for food, feed, fuel, and other agricultural and medicinal purposes.
P IGEONPEA is grown in a diverse array of cropping systems for its multiple uses (food, feed, fuel, medicine, fencing, roofing, basket making, etc.) (Nene and Sheila, 1990) . Although pigeonpea is known to be grown in about 82 countries as a field and/or backyard crop in Asia, Oceania, Africa, and the Americas (Nene and Sheila, 1990) , FAO statistics are available only for 19 countries, all of which are developing countries (FAO, 2005) . During 2004, pigeonpea as a field crop was grown on 4.36 million ha, with a production of 3.24 million t and an average productivity of 0.74 t ha 21 .
Pigeonpea, which remained a less-known crop in the west until recently, is emerging more as an international crop, with the Simpson Index of diversity rising from 0.20 in 1980 -81 to 0.26 in 1996 -98 (Ryan and Spencer, 2001 . With the advent of short-duration and highyielding pigeonpea cultivars such as ICPL 88039, large productivity gains in the rice-wheat system in South Asia were witnessed, triggering a major geographic extension of the crop within Asia and Africa, and other regions (Shiferaw et al., 2004) . Recently, pigeonpea has shown the potential to fill forage gaps in the USA during summer (Phillips and Rao, 2001; Rao et al., 2002; Rao et al., 2003) . Similarly, it has been demonstrated for its utility in soil conservation, fodder production, and other uses in China . Pigeonpea has potential for several other uses, such as fuel in India, medicine (see Faris and Singh, 1990) , agroforestry, alley cropping, live stock feed (Remanandan et al., 1991) , and soil enrichment through its efficient extraction of iron-bound phosphorous from typical Alfisols, compared to several other crops (Ae et al., 1990) .
Pigeonpea is cultivated for multiple uses in a diverse array of cropping systems. The adaptation of improved genotypes to intercropping, alley cropping, multiple cropping, and multiple harvests is an important objective in pigeonpea improvement programs . The curative effects of various parts of pigeonpea plant have been reported in folk medicine and ayurvedic medicines worldwide, in countries such as India, Indonesia, Madagascar, West Africa, the Caribbean region, and China. Pigeonpea as whole plant, leaf juice and decoction, flowers, young pods, seeds, seed decoction, and roots are mentioned to have 39 different medicinal and cosmetic uses in 13 countries (see Faris and Singh, 1990) . Morton (1976) reported the use of pigeonpea leaf decoction to cure jaundice in Cuba. Almost all villages in Bangladesh maintain pigeonpea in the kitchen gardens exclusively for its leaf juice, used to cure jaundice (L.J. Reddy, personal observation, 1999) . However, no germplasm screening for higher levels of chemical constituents useful for medicinal purposes have been undertaken. In recent years, there is new found interest in pigeonpea in several countries. In the Philippines, pigeonpea is found to be a cheap source of poultry feed (Sugui et al., 2004) . In China, pigeonpea has been revived for soil conservation and fodder production in some areas , and the utility of pigeonpea in soil conservation, as fodder, food, and vegetable production has been demonstrated . Pigeonpea forage yields and nutritive values during summer equaled those of other forage crops and research is underway to identify more nutritive and high yielding pigeonpea varieties well-adapted to the southern plains of the U.S. (Phillips and Rao, 2001; Rao et al., 2002; Rao et al., 2003) . However, in all the above studies, only a very small number of genotypes, mostly the breeding material, have been used.
In spite of its multiple uses, pigeonpea germplasm has been used primarily for developing high grain yielding varieties of different maturity groups, as sources of resistance to major diseases and insect pests and for other simply inherited traits. Some economists have asserted that the materials in genebanks are rarely used (Wright, 1997) . Usually the number of useful germplasm accessions for breeding is less than 5% and mostly less than 1% (Goodman, 1990) The prime reasons for the low use of diverse germplasm for improvement of quantitative traits in the plant breeding programs are the extended time and high costs involved in identifying these useful accessions. Also most breeders prefer to work with their own lines rather than exotic material (Cox et al., 1988; Duvick, 1995) . Further, the priority of pigeonpea breeders has been to exploit the variability that has arisen from the cross-pollinated nature of the crop. A large number of the notified or released varieties in India are selections from the local landraces .
Developing a core collection, comprising about 10% of the entire collection and representing most of the diversity of the species, has been proposed as a means of increasing the use of germplasm more economically (Frankel, 1984) . The information obtained from such a core collection can aid in judicious use of the entire collection. A pigeonpea core collection was constituted with 1290 accessions from the global germplasm available at ICRISAT . Although the core collection with 1290 accessions can be screened for morphological traits, its evaluation for agronomic traits in replicated multilocation trials would be unwieldy, costly, and time consuming for breeders. Therefore, we need still a smaller set of accessions that represent almost the entire spectrum of diversity available in the core collection. In such cases a 'core of the core' (mini core subset) facilitates the screening of accessions with reasonable costs and success. The present study was undertaken to constitute a mini core subset following Upadhyaya and Ortiz (2001) , which will help screen the pigeonpea germplasm in a cost effective and speedy way to find suitable genotypes for multiple uses, including crop improvement.
MATERIALS AND METHODS
From 12 370 pigeonpea accessions available at ICRISAT Center, Patancheru, India, a core collection comprising 1290 accessions from 53 countries, was constituted . These 1290 accessions were assessed during 2004-2005 crop season for 18 qualitative and 16 quantitative traits at the ICRISAT research farm, Patancheru (188 N lat; 788 E long, 545 m.a.s.l., and about 600 km from the sea). Sowings were done on a precision vertisol field (Kasireddipally Series isohyperthermic Typic Pellustert). The test accessions were planted in an augmented design (Federer, 1956) to evaluate the core collection accessions and to select the mini core collection. This design is considered ideal and efficient in testing large number of germplasm accessions. We used four cultivars of different maturity duration to serve as controls. The controls included extra early (ICP 11543), early (ICP 6971), medium (ICP 8863), and late maturing (ICP 7221) genotypes. The accessions along with replicated controls were evaluated in a block of 40 entries. The controls were randomized in each block, and the accessions were randomly assigned to the plots. Each block comprised nine accessions flanked by the check cultivars. The error component from an appropriate check based on the maturity duration of accessions was used in adjusting the values of the accessions.
Each plot consisted of a single four-meter row on a ridge. The distance between rows was 750 mm and between plants 500 mm. Care was taken to ensure uniform planting depth of 25 mm. Dry seed treatment with 3 g of thiram per kg seed was applied before planting to protect from seed borne diseases.
The experimental field received 20 kg N and 40 kg P 2 O 5 ha 21 as a basal dose and the need-based protection against diseases, insects and weeds as per research standards. The crop was planted on 30 June 2004 and harvested between Nov. 2004 and Feb. 2005 , depending on the maturity of accessions.
The data on 18 qualitative (vigor, growth habit, plant pigmentation, stem thickness, flower base color, streak color, streak pattern, flowering pattern, pod color, pod shape, pod hairiness, seed color pattern, primary seed color, secondary seed color, seed eye color, seed eye color width, seed shape, and seed hilum) and 16 quantitative characters were recorded following IBPGR and ICRISAT (1993) . Days to flowering and maturity, 100-seed weight, harvest index, shelling percent, and seed yield kg ha 21 were recorded on plot basis. Leaf size, plant height, number of primary, secondary, and tertiary branches, number of racemes, pod bearing length, pods plant 21 , pod length, seeds pod 21 were recorded on randomly chosen five competitive plants in a plot, avoiding the plants at the beginning and end of the alleyways.
A phenotypic distance matrix was created by calculating the differences between each pair of 1290 accessions for each of the 34 traits. The diversity index was calculated by averaging all the differences in the phenotypic values for each trait divided by respective range (Johns et al., 1997) . The distance matrix was subjected to the hierarchical cluster algorithm of Ward (1963) at an R 2 (squared multiple correlation value) of 0.75 by means of SAS (1989) for clustering 1290 accessions. This method optimizes an objective function because it minimizes the sum of squares within groups and maximizes the sum of squares between groups. The proportional sampling strategy was used, and from each cluster approximately 10% of the accessions were randomly selected to constitute the mini core subset. At least one accession was included from each cluster even if had less than 10 accessions.
The means of both the core and the mini core subsets were compared using the Newman-Keuls procedure (Newman, 1939; Keuls, 1952) for all the 16 quantitative traits. The homogeneity of variances between the core and mini core subsets was tested by Levene's test (Levene, 1960) . The distribution homogeneity for each of the 17 morphological descriptor traits was analyzed using the chi-square test. The expected frequencies of the accessions in different classes of a trait in the mini core were based on proportion of mini core to core or mini core to entire collection. The expected frequencies were tested against observed frequencies in the mini core for goodness of fit using x 2 test. The percentage of traits for which the core and mini core subsets differed significantly for the mean [mean difference percentage (MD%)] or for the variance [variance difference percentage (VD%)] was calculated (Hu et al., 2000) . The coincidence rate (CR%) and the variable rate (VR %) were calculated to evaluate properties of the mini core subset (Hu et al., 2000) . The Wilcoxon (1945) rank-sum non-parametric test was performed using the SAS NPAR 1 WAY procedure (SAS, 1989 ). The phenotypic correlations among different traits in the core and mini core were estimated independently to determine whether these associations, which may be under genetic control, were conserved in the mini core subset. The diversity index (H`) of Shannon and Weaver (1949) was used as a measure of phenotypic diversity of each trait. The index was calculated independently in both core and the mini core subsets to determine whether the diversity for each trait was retained in the mini core subset.
RESULTS AND DISCUSSION
The clustering procedure we used resulted in grouping the 1290 core subset entries into 79 clusters. The Reproduced from Crop Science. Published by Crop Science Society of America. All copyrights reserved.
number of core entries in the clusters ranged from 1 (0.08%; in seven clusters) to 65 (5.04%; in cluster 2). The procedure we used to develop the mini core subset resulted in the selection of 146 entries from the core subset. The composition of the mini core subset reflected the predominance of accessions from southern India, Sri Lanka, and the Maldives (34.7%), followed by accessions from northwestern India, Pakistan, and Iran (16.7%), Bangladesh, Myanmar, Nepal, China, Taiwan, north eastern India (11.8%), and central India (11.8%). About 8.3% accessions in the mini core were from southern and eastern Africa, and 3.5% each from western and central Africa, and unknown Indian states. The proportions of accessions in the entire vs. core and core vs. mini core collections compared favorably (Table 1) across all the 13 regions .
Of the 18 morphological descriptor traits studied, there was no variation for pod hairs both in core and mini core subsets. The remaining 17 traits showed similar proportions for various descriptor states in the mini core collection indicating that the mini core represented the core collection adequately (Table 2) .
Differences between the means of the core and the mini core subset for all the quantitative traits were not significant ( Table 3) . Variances of the core and the mini core subsets were homogeneous for all traits except secondary branches (p 5 0.049). There were no significant differences between the medians of the core and mini core subsets for any of the 16 measurable traits (Table 4 ). The zero value for mean difference percentage indicated that the mini core subset adequately represented the core subset (Hu et al., 2000) . For secondary branches and shelling percentage, 100% of the variation available in the core was included in the mini core. For the 11 other traits (primary branches, harvest index, plant height, days to maturity, days to flowering, raceme number, leaf size, plot yield kg ha 21 , 100-seed weight, pods per plant, and tertiary branch number) the variation included in the mini core ranged from 82.3 to 96.5%. For seeds per pod 77.8% and for pod bearing length 72.2% variation was included in the mini core.
An adequate and proper sampling, essential in developing a representative core collection, should consider the conservation of phenotypic associations arising out of co-adapted gene complexes (Ortiz et al., 1998) . Phenotypic correlations were conducted between all 16 quantitative traits in the core and mini core subsets, independently. Only those traits with correlation coefficients greater than 0.707 and less than 20.707 are considered as biologically meaningful (Skinner et al., 1999) as more than 50% of the variation in one trait is predicted by the other (Snedecor and Cochran, 1980) . In our study, nine such meaningful relationships between Table 1 . Comparison of number of accessions and their frequency distribution in the entire, core and mini core collections of pigeonpea from different geographical regions. the agronomic traits in the core subset were found (data not shown). Except for the relationships of seeds per pod with pod length, and plot yield with pods per plant (data not shown), the rest of the five relationships (Table 5) were retained in the mini core collection. These relationships suggest that it is not necessary to measure both the related traits in future germplasm evaluations, and only easily measurable traits should be given priority. For example, days to flowering and days to maturity are correlated in the core (r 5 0.950) and in the mini core (r 5 0.957). So, it will be easy and sufficient if days to flowering are recorded in pigeonpea in preliminary evaluations to arrive at the days to maturity. Days to flower is more reliable in arriving at the maturity duration in pigeonpea, because frequent and heavy pod borer damage triggers fresh flower production in pigeonpea, which delays the days to maturity. The Shannon-Weaver diversity index (H`) was calculated to compare diversity in the core and mini core subsets. The index is used in genetic studies as a convenient measure of both allelic richness and allelic even-ness. A low (H`) indicates an extremely unbalanced frequency of classes for an individual trait and a lack of genetic diversity. The average H' for the 17 qualitative descriptors and 16 agronomic traits in the mini core subset was similar to the core subset (Table 6) indicating that the diversity of the core was adequately represented in the mini core subset.
Number of accessions
The grouping of similar genotypes depends on the dissimilarity among them, which can be determined by a phenotypic diversity index. The average phenotypic diversity, minimum diversity, and maximum diversity indices in the mini core were higher compared to those in the core collection (Table 7 ). In the mini core, the minimum phenotypic diversity index was observed between ICP 13884 (a landrace from Puerto Rico) and ICP 14116 (a landrace from Jamaica) and the maximum phenotypic diversity between ICP 14444 (a breeding line from ICRISAT) and ICP 7426 (a landrace from Madhya Pradesh, India).
Concern about the loss of landraces, wild relatives, and cultivars led to large ex situ collections in genebanks. Reproduced from Crop Science. Published by Crop Science Society of America. All copyrights reserved.
Genebank curators adopted the philosophy of keeping everything in absence of low cost technology to identify unique accessions. This led to the rapid growth of germplasm collections, but not of their utilization (Duvick, 1984) . On the other hand, agricultural investments by the public and private sectors are extremely low in the developing countries, especially on 'orphan' crops (Nelson et al., 2004) and there is an urgent need for mechanisms to enhance agricultural development in poor agrarian societies (Mosher, 1996) , where pigeonpea is an important crop. Mini core collections, which comprise about 1% of the total collection have been recently constituted based on global germplasm available at ICRISAT in chickpea (Upadhyaya and Ortiz, 2001) and peanut (Upadhyaya et al., 2002) . Recently, a mini core collection has been developed to represent the U.S. peanut germplasm collection, which will be useful in screening for traits that are difficult and/or expensive to measure (Holbrook and Dong, 2005) . The chickpea mini core collection has been useful in identifying genotypes with deep root system that avoids drought stress (Krishnamurthy et al., 2003; Kashiwagi et al. (2005) , and genotypes with high salinity tolerance (Serraj et al., 2004) . Similarly, by screening a mini core collection of peanut Upadhyaya (2005) identified 18 genotypes with drought resistance traits, similar to the resistant control cultivar, but genetically diverse from them. Although multiple uses of pigeonpea are well known, screening germplasm to identify useful parents for agronomic traits has been scanty because of the costs involved in such screenings. The present mini core subset of pigeonpea facilitates screening for agronomic traits and in identifying efficient genotypes suitable for various purposes such as medicinal uses, fodder, agroforestry, alley cropping, vegetable uses, as feed for ruminants and non-ruminant animals (such as poultry and pigs), and dual purpose genotypes suitable for seed and lac production in a very cost-effective way. Also, the pigeonpea mini core can be utilized for molecular characterization to identify genetically diverse parents for use in crop improvement. The list of pigeonpea genotypes included in the mini core subset with the ICP number, cluster number, and country of origin is available on diskette, free of charge from the corresponding author. This information is also available at: www. icrisat.org/PigeonPea/MiniCorecollection.htm (verified 11 July 2006). 
